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Abstract

We report the integration of 3D printing, electrobiofabrication, and protein
engineering to create a device that enables near real-time analysis of monoclonal
antibody (mAb) titer and quality. 3D printing was used to create the macroscale
architecture that can control fluidic contact of a sample with multiple electrodes for
replicate measurements. An analysis “chip” was configured as a “snap-in" module for
connecting to a 3D printed housing containing fluidic and electronic communication
systems. Electrobiofabrication was used to functionalize each electrode by the
assembly of a hydrogel interface containing biomolecular recognition and capture
proteins. Specifically, an electrochemical thiol oxidation is used to assemble a thio-
lated polyethylene glycol hydrogel, that in tum is covalently coupled to either a
cysteine-tagged protein G that binds the antibody's Fe region or a lectin that binds
the glycans of target mAb analytes. We first show the design, assembly, and testing
of the hardware device. Then, we show the transition of a step-by-step sensing
methodology (eg., mix, incubate, wash, mix, incubate, wash, measure) into the
current method where functionalization, antibody capture, and assessment are
performed in situ and in parallel channels. Both titer and glycan analyses were found
to be linear with antibody concentration (to 0.2 mg/L). We further found the in-
terfaces could be reused with remarkably similar results. Because the interface
assembly and use are simple, rapid, and robust, we suggest this assessment meth-
odology will be widely applicable, including for other biomolecular process devel-
opment and manufacturing environments.
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1 | INTRODUCTION

The development process for antibody therapeutics is both costhy
and time-consuming owing to the complexities of optimizing host cell
lines, bioreactors, processing conditions, and product characteriza-
tion (Rodrigues et al., 2010; Shuka et al, 2017; Steinmeyer &
MeCormick, 2008). Measurement tools that rapidly and accurately
assess the production process and product quality are of great
interest as they can speed development times. Further, if sufficienthy
robust, they could open doors towards optimal control of manu-
facturing processes (Gerzon et al., 2027). The concentration of anti-
body per liter of cell culture broth (ie., titer) is one such critical
process parameter (CPP); it s needed to characterize upstream pro-
duction efficiency (Langer & Rader, 2015). Product quality, formally a
critical quality attribute, is assessed in many ways, one being an an-
tibody's glycan structure. To the best of our knowledge, there are no
measurement tools that provide both titer and ghrcan assessment in
simple, easy-to-use formats that directly provide electronic output in
real time. Moreowver, while biclogical recognition elements offer tre-
mendous selectivity and sensitivity, their incorporation into sensing
systems is extremely challenging and this limits their widespread use

Microfluidic devices are small, require minute sample volumes,
and can be created in many forms, including those that maximize
biologic to electronic information transfer (Shang et al, 201%
Wanarsdale etal, 201%; VanArsdale etal, 2022a; 2022b). In part, this
is because the microenvironments they provide are steady and rel-
atively easily controlled which makes them ideal operating platforms
for sensing biomolecules in precious samples (Chen et al, 2023
Shang et al, 2019). They can be difficult to assemble and operate,
however. We have created electrofabrication methodologies that
enable simple, rapid assembly of biclogical components into devices
(Liu et al, 2023). Importantly, these methodologies require no
mechanical parts. Instead, electronic cues “program” assembly of
stimuli responsive polymers, including those housing cells, proteins,
and other biological materials (Li et al, 2021; Lu et al., 2023).
Components are assembled directly onto electrodes precisely
matching their spatial configuration. Moreover, the same electrodes
are used for subsequent information transfer -in both directions-they
can cue information to adjacent samples (Le, actuate) as wel as
record information from the same samples (VanArsdale et al., 2020).

In this wark, we created a “snap-in® 3D printed multichannel chip
within which biomolecular sensing interfaces are assembled and
utilized (Scheme 1a, center image). This chip is inserted into a 3D
printed microfluidic housing that provides for simplified “plug and
play” electronic connectivity. Here, we describe this sensor, its
design, fabrication and use. The electroassembled thiclated poly-
ethylene glycal (PEG)-based sensor captures mabs based on their (1)
Fc region and binding affinity to protein G, enabling assessment of
antibody titer, and their (2) glycan pattern and binding affinity to
lecting (Motabar et al., 2021). Unlike most traditional anabtical
chemistry methods, our sensing interfaces make use of biclogical
molecular recognition elements and electrochemical sensing, en-
abling a direct molecular to electronic communication system. In our

previous report (Motabar et al., 2021), sensing interfaces were
established on commercially acquired gold working electrodes and
the assembly methodology, while simple, relied on manual, step-by-
step interface construction, sample preparation, and finally, sample
measurement. Because of the many steps, manual labor, sampling
and washing protocols, operational errors were at times, unavoidable.
Moreover, while simple, the step-by-step methodology was some-
what laborious

To offer rapid, robust, and especially high-throughput ap-
proaches for biopharmaceutical process monitoring and control
purposes, we have fransformed the previous step-by-step method-
ology into an integrated automated platform wherein B parallel
measurements are provided in near real time.

That is, we created an integrated platform that is based on our
previously published protocol (Motabar et al, 2021) (Scheme 1a,
bottom panel). We make use of a thiolated 4-arm polyethylene glycol
(denoted PEG-5H) as a basis for functionalization and subsequent
information transfer. PEG-5H is electroassembled onto a gold sensing
surface by redox cycling of the mediator, 1,1 -Ferrocenedimethanol
(Fe) and the electronic “activation” of sulflwdryl groups (to sulfenic
acid) on the PEG. In turn, resultant sulfenic acid (=S0H) residues
spontaneously link with adjacent free PEG thiols creating disulfide
bonds and a film or gel directly associated with the electrode and its
spatial configuration. That is, by applying an cxidizing voltage to an
dectrode immersed in a solution of the thiclated PEG and Fc (Li
et al, 2020), we create disulfide bonds among the arms of the PEG
creating a film or gel. Continued charging of the remaining sulfhwydryl
groups can then enable disulfide linkages with engineered
recognition elements containing free thiols that are incubated with
the film. This provides for selective capture of subsequently applied
analytes. For the titer detection interface, we expressed and purified
a cysteine-tageed protein G engineered to serve as the capture ele-
ment (Maotabar et al, 202 1). Protein G was chosen because it enables
the capture of lgG by binding its Fc region (Chames et al, 2009;
lund et al, 2011). After capture and subsequent incubation with
an engineered reporter protein (a fusion of protein G and horseradish
peroxidase ProteinG:HRP  (Motabar et al, 2021; Motabar
et al, 2023} a sandwich assembly is created for detection
(Scheme 1a, bottom right panel). In this way, the electrochemical
outputs arising from the electron transfer mechanism between
horseradish peroxidase (HRP), redox mediator 1,1 ferrocenedi-
methanol (Fe), and hydrogen peroxide (H2Os) represent the analyte
content captured on the interface. Analogously, for the ghycan anal-
ysis, a galactosylation detection interface is created as a lectin model
using a galactose-recognizing lectin, ricinus communis agglutinin |
(RCA120), as the recognition element. RCA120 allows selective
capture of antibodies with terminal B-galactose {Galp) glycans based
on traditional lectin-glycan binding (takura et al, 2007 Wu
et al., 200&). Importantly, RCA120 is bivalent, meaning it can bind to
a galactose covalently attached to the PEG as well as a galactose on
the subsequently captured antibody. That is, a thiolated galactose is
first conjugated to the PEG hydrogel using the Fe-based activation of
the PEG thiok, exactly analogously as the assembly of the PEG. This

0T W TG

o) g puany pu e, g ey )01 o eegry s Ao, ® puen gy 0 Smeaan ) - GELUNEE T TILS, A9 GISED TR0 T) Ve g A

s s o oy T £ ARk g 4G P o e ) S0 e ay L g A, o



3756

CHEM T aL

Biological Bio-Electrochemical Interface
Information Programmable Autematic
At-line L‘-qtnld Handling System
On-line
?.Iff-line

Electrenic
& Fluidie
Connector,

ID-Printed Ml.nll:i-f:hmnrmele‘gi
Microfluidic Electrochemical Chip

T T L

Microfluidic Channel

A —

- —— —,

e

Electrochemistry
analyzer

uy

- -

Digital
s, Information J

HE BOH w -"'.l
Sensor Interface S e ) ? = ®.. o Antibody
Electrmemhlyi - "v-"h. qg b P ¢ Detection
Fo. g ¥ v, 7
- Blectrachemical
, ITO Electrode autput !’

Profein

2 -, e,
e A% e [ Zsde L1

u.lm [poteiilal

rinsing

Depaosition solution loading & Electroassembly

.::.._
; H r"'.,.. i v
Foen o

H,0,

». )

by X
Elestrochamiosl oupin 1o

5amp|e detection

*. Protein .

GHRP ©
H s HA H,0,

HE : ] ™~
"o (] L,
- .
&M = —- — —
* “ = ’ . [ ] g
[ETT Ep—— To E
Depaosition solution loading & Electroassembly
Recognition element Reporter

) roaizo

1 cysteinylated protein G

Protein G:HRP

Redu: MEdlah:lr

- @

SCHEME 1 Schematic of modular antibody fiter and glycan detection system. (a) The 3D-printed microfluidic device comprising eight paraliel
channels with transparent indium tin cxide (ITO) electrode and its affiliated modules (programmable automatic liquid handling system, and electronic &
fluidic connector) is suitable for high-throughput detection of titer and ghycan quality. The electrassembly of the sensor interfaces within the
microfluidic “chip® is based on the cxidation of thiolated PEG A typical sandwich structure (lower right) includes the recopnition elements (protein G,
brown cloud), analytes (mAb) and the reporter compaonents (Fe, Ha0s). Here, horseradish penoxidase (HRP, yvellow circle) comverts the hydrogen
peroxide into water and oxidizes mediator Fc. The redox cycling process between the Fo and the electrode generates the electrochemical currents
that report the analyte content on the interface. In this way, biological information (mAb concentration) then is recorded and comverted directhy into
electrical signals that can be read and processed into digital signatures via the electrochemical anabyzer. (b) Elec trobiofabrication, functionalization, and
sample detection of PEG sensor interfaces. Titer detecfion (upper panel) - deposition solufion containing cysteimylated protein G, Fe, and PEG-5H is
introduced into the channel. A brief (~1 min) cxddizing potential is provided for electroassembly followed by a short (~10 min) rinse. Samples with IgG
are loaded, followed by ancther brief rinse. Then, reporter fusion proteincHRP is applied and rinsed. Finally, quantification is enabled by introduction of
ferrocene and hydrogen peroxide to the HRP. Oxidized ferrocene is reduced at the electrode, where it cycles and amplifies the eectronic signal.
Galactosylation detection (lower panel)-deposition solution containing lectin RCA120, Fe, and PEG-5H is introduced into the channel. & brief (~1 min)
oxidizing potential is provided for electrassembly followed by a shart (~10 min) rinse. The sensing protocol after lectin capture is identical to the

protein G capture in the upper panel.
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places a galactose on the surface for subsequent assembly of the
bivalent lectin. In turn, the lectin serves to capture the antibody ina
sample solution.

To demonstrate transition to a fluidic system for subsequent
mAb detection and quantification, we show the process workflow in
Scheme 1b. Here, we combined PEG formation with the interface
functionalization steps noted above by preparing one deposition
solution containing thiclated PEG, Fc, and the recognition/capture
elements (Titer detection, upper panel; Glycan detection, lower
panell. That is, the disulfide linkages between thiclated PEG mono-
mers and engineered cysteine residues of the protein G can spon-
taneously form along with the hydrogel crosslinking upon electro-
deposition. Conversely, for the lectin assembly, we omitted the
thiolated galactose and tested whether the lectin could be captured
via the PEG crosslinking. Compared to our previous work, we
reduced the rinsing and incubation times (to 10 and 30 min,
respectively) for the mAb capture and protein G:HRP conjugation
steps. We also rinsed once as compared to rinsing and washing three
times previously. As noted above, the chip contains eight parallel
channels for eight simultaneous measurements, which could include
four of a sample and four of a control, or any combination thereof. As
a result, the multichannel 3D-printed device reduces complexity,
provides more data, and addresses an unmet need for implementa-
tion and operation in the biopharmaceuticals industry.

2 | RESULTS AND DISCUSSION
21 | System and device design, and fabrication

The streamlined sensing system is comprised of two major com-
partments: (1) a 3D printed “snap-in® chip that houses & parallel
sensing channels, and (2) a 3D printed housing device with easy-to-
use electrical connectors. The housing device also includes a fluidic
controller for automation. As depicted in Figure 1a, the system fea-
tures “plug-and-play” modularity which allows the user to guickly
establish electrochemical bidirectional actuation and monitoring via
the connected electrochemical analyzer. Meanwhile, the fluidic sys-
tem is comprised of automated valves and a pump for precise sample
operation. That is, the Fluidic system employs two automated valves
and one peristaltic pump for managing the 11 steps (Supporting
Information 51: Table 51) required for sensor interface fabrication
and sample detection (valve and flow diagrams are shown in Sup-
porting Information 51: Figure 51). The first valve (valve A) is a é-port
selection valve, controlling the reagents (ethanol, water, 100 mM
potassium phosphate buffer, 0.05% Tween-20 in 100 mM potassium
phosphate buffer, 0.5 mM Fc in 100 mM potassium, and 0.5 mM Fc
with 100pM hydrogen peroxide in 100 mM potassium phosphate
buffer). The second valve (valve B) is a 2-way 4-port valve managing
the sample injection for (1) the deposition solution containing the
interface and sensing compaonents (Le, thiolated PEG, cys-tagged
protein G, thiolated galactose and lectin RCA120), (2) the sample with
lgG, and (3) the reporting ProteinG:HRP fusion. As shown in

Figure 1b, this modular design facilitates use by automating device
switching, reagent replacement, and system operation including data
acquisition.

As the core compartment of the sensing system, the 3D printed
micrafluidic “chip” consists of eight ITO working electrodes, a shared
reference electrode and a share platinum counter electrode. This
constitutes the electronic sensor interface (Figure Z2a). Taken
together, this 3-electrode setup creates a stable environment for the
thiolated PEG assembly. The microfluidic chip is comprised of two
main components that are fabricated separately and then fused: (1)
the 3D printed housing and (2) transparent ITO bottom electrodes.
Its fabrication and assembly are illustrated in the upper panel of
Figure 2a. As noted above, we selected ITO as the waorking electrode
material (denoted “WE") due to its favorable conductivity relative to
gold and other substrates, as well as its compatibility with optical
dgnals (i.e., transparency). The 3D-printed housing consists of eight
individual fluidic channels that are printed for parallel use. They have
openings at the bottom, as well as sample inlets and outlets on the
sides of the device. Symmetric splitting of fluidic pathways enables an
even distribution of the samples among the eight chambers. After
aligning the chambers with the ITO glass chip (that was laser en-
graved into eight parallel sub electrodes), we annealed the 3D printed
housing to the glass by applying the identical 3D printing resin that
comprises the chip, but at the boundaries of the two subsysterns and
exposing LV for 10 s. This seals the openings of the fluidic chambers,
preventing subsequent leakage, and creates the eight parallel fluidic
interfaces for electrochemical application. We note that the dimen-
sions of the channels define the functional area of the bottom
ITO working electrode (Il =wxh 13 mm = 1.5 mm = 200 um, area:
27.924 rnmz} onto which the sensor elements are assembled.

To complete the three-electrode setup, we created a separate
fluidic connector for the reference and counter electrodes. This flu-
idic connector contains five openings which, from left to right,
accommodate the counter electrode, the potassium chloride solution,
the reference electrode, and fluidic inlets and outlets (lower panel of
Figure 2a). A 1M KCl solution filling the fluidic connector enables
ionic transport and conduction for electrochemical reactions while
ensuring fluidic connection for the immersed counter and reference
electrodes. Fresh KCl solution was fed to the fluidic connector at a
flow rate of 200 pL/min. This flow minimizes mixing with the liguid
samples introduced from the fluid inlet. The liquid sample from the
microfluidic device enters the fluidic connector via the fluid inlet
where it encounters the KCl solution entering from the left. The two
fluidic flows intertwine at the junction on the right side of the fluidic
connector and exit the system together from the fluid outlet. Con-
sequenthy, this establishes a complete fluidic pathway starting from
the sample inlet on the microfluidic chip and ending at the fluid outlet
on the fluidic connector. Then, one can visualize the overall system
that allows for interface assembly as well as the subsequent sensing
via HRP and added hydrogen peroxide.

To complete the system, we created an electronics 1/0 system to
enable access to the electrochemical capabilities of the microfluidic
device. As illustrated in Figure 2b, we designed an electronics 1/O
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FIGURE 1 System design. (a) The system features two automated valves and a pump to enable fluid control. Reagents or samples are
opened for entry via valve A (selection valve) and are pushed into the microfluidic sensor device via valve B (sample injection valve) and then into
the fluidic connector to complete the electrochemical circuit. Finally, liquids exit the system from the outlet of the fluidic connector. (b) The
images included on the leftmost side depict the chip in several configurations (held by fingers, next to the snap in housing (electronic connectar),
and as wired). At the right, the chip containing all fluidic sensing channels (1) is “snapped” into a 3D-printed electronic connector which
establishes the signal pathways towards the electrochemical analyzer (2). The chip is alko connected to a fluidic connector (3) which enables
stable fluidic transport between all working, counter, and reference electrodes. The valves (5) served to partition reagents, buffers, and samples
wherein they are flowed through the device by the pump (4).
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FIGURE 2 ITO microfluidic device assembly and affiliated connectors. (a) The eight parallel ITO electrodes on the glass substrate align with
the B channels onthe 3D printed device. When bonded together, they together form eight individual electrochemistry ready channels for sensor
interface fabrication. The fluidic connector comprises the reference eectrode and counter electrode and fluidically connects the microfluidic
module which enables transport for chemical reactions. (b) The electrical connector provides a “plug-and-play” modularity for the 3D printed
microfluidic systems and makes it straightforward when the users need to quicky switch between functional modules.

connector o that it is easily employed, utiliing a “snap-in" configuration
This awoids the more common alligator clip designs that are less well
connected and easily moved/disconnected at the wrong imes. Here, our
design features two 4-way spring connectors, providing a fotal of eight
connection points for parallel data trarsfer with the eight test channels
already assembled and fused. In conjunction with the fluidic connector,
the working electrodes, counter, and reference electrodes formn eight

complete circuits for eledrochemical reactions. The MO teeth of the
microfluidic device are inserted into the slot on the connector, estab-
lishing an instant connedion via spring metal pins. This “plug-and-play*
design enables rapid device replacernent and module switching, ultimatehy
facilitating high-throughput, multi-sample detection. As noted, this con-
nector serves as an interface, linking the ITO device to a programmable
potentiostat that controls the entire system.
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22 | Channel uniformity and fluidic performance

Fluidic uniformity and stability are likely channel dependent, and their
quality further deterrines system robustness and measurement
reproducibility. In initial studies, we utilized both a simulation tool
and actual fluidic examinations (electrochemical measurement of Fe
solutions) to determine the flow uniformity and fluidic performance
Specifically, we developed a 3D model of the device using the
Laminar Flow module of commercially available COMSOL Multi-
physics software for visualization and prediction of the fluidic pat-
terns at various locations and flowrates (Figure 3a). First, we calcu-
lated that a flow rate of 1 mL/min for the sample flow (and assembby/
wash flows) could best suit our desire for rapid transport, film
assembly, reagent incubation, etc, and we used this flow rate in all
subsequent experiments. As lllustrated Figure 3b (top), our compu-
tafional design provides for symmetric fluidic distribution to the
channels; we predicted an even distribution of the liquid sample into
the eight parallel detection channels. Then, these separate flows
were then merged into one combined flow exiting the system from
the outlet at the top. In our in silico test conditions, a color indicator
provided for a visualized flow pattern which made evaluation simple
Color uniformity (Figure 3b) suggests that fluidic resistance was
property distributed within each channel. Then, to estimate repre-
sentative flow patterns within the detection channels (with as-
sembled detection interfaces), we simulated the flow velocities at a
focal plane 50 pm above the bottom electrode (the surface of a PEG
interface, Figure 3b [bottom]). Our results indicated that when liguid
samples entered the middle sections of each channel, the flow
velocity remained consistent across all eight channels.

Mext, we evaluated the fluidic performance by examining elec-
trochemical reactions and corresponding electrical signals (Figure 3c).
We prepared a 100 mM phosphate buffer (PB) solution (negative
control) and a 100mM PB solution containing 100 puM of Fc (positive
contral), infusing each test solution into the microfluidic device for
&0 s at a flow rate of 1 mL/min. We repeated the process five times
During these tests, we continuously applied an oxidative potential of
0.4V to all working electrodes and measured the current on each.
That is, Fc is oxidized at the electrode generating a corresponding
current when there is an applied voltage. As anticipated, we observed
minimal currents during an infusion stage with PB (no redox media-
tor), while significant currents were detected during Fe infusion (top
panel of Figure 3c). Both the dynamic data and averaged data from
the last 30 s of each period are depicted (middle panel of Figure 3c).
These are representative of the general performance over many such
tests of the combined fluidic, electrochemical, and instrumentation
systems. Motably, the overall assembly seemed quite robust. The
measurements were steady, and all B channels give similar amplitudes
and dynamic responses. Meanwhile, it i also noteworthy that at a
flow rate of 1 mL/min, the recorded signal demonstrates that a rapid
response from the electrode i feasible, with the current change
detected and equilibrium established within 25 after a fluidic switch.
This rapid response & a well-known advantage of microfluidic sys-
tems. As illustrated in the detail of the middle panel of Figure 3c, our

device exhibited promising electrochemical results, showing a
high degree correlation and alignment with the simulation results.
Finally, because responses from the electrochemical reactions should
depend on the mediator concentration, we prepared Fc solutions
with varying concenfration (5, 10, 25, and 100 pM) and evaluated the
corresponding Fc signals again at a flow rate of 1mL/min. Following
the same testing procedures, we found there was minimal difference
in rmeasured current between 25 and 100puM of Fe, but currents
decreased with further decreasing concentrations, as expected.
These provided design data for subsequent mAb sensing.

Owverall, these studies showed that the ITO microfluidic device,
its associated fluidic system, and electrochemical analyzing capabili-
ties, were robust, reproducible, and rapid. Moreover, because of the
snap-in or plug and play designs, we anticipated excellent utility in
subsequent antibody measurements.

23 | Electroassembly of thiolated PEG-based
sensor interfaces

To streamline the system for parallel and auvtomated use, we first
recapitulated the steps previously described for the formation of the
sensor interfaces for target IgG detection but within our device
(Figure 4a). First, the deposition solution (a mixture of 25 mM of Fc,
50 mg/mL of thiclated-PEG, and 250 pg/mL of C-terminus cysteine
tagged protein G prepared in 0.1 M PB, pH 7 4] was added to wet the
ITO electrode. Interface electrodeposition occurred for 1min at a
constant oxidative potential of 0.8 V. Solutions containing 62.5 mg/L
of IgG and 0.1 g/L of protein G:HRP were also separately prepared
for the final assembly. Wash buffer (0.05% Tween-20 in 0.1M PB)
was used for rindng the hydrogel to remove unconjugated residues
between steps. Mext, we prepared mediator Fe solutions (0.5 mM)
with and without peroxide (100 M) for the electrochemical output
tests. We note that the HRP on the reporter protein G ultimately
converts the peroxide in the solution into redox-active radicals,
leading to Fc oxidation. By applying a potential of 0V on the elec-
trode, we record the redox signals of Fc in the form of current. As
shown in Figure 4b, we initially infused the Fc solution at a flow rate
of 1 mL/min to record the system’s blank signals. We later used this
data to define the sensitivity of this interface. After 30 5, we switched
the valve and intreduced Fec solution containing peroxide, resulting in
an instantaneous current spike (3 s). After a series of tests with 1gG,
we found that the current spike corresponded to the total amount of
reporter protein G:HRP conjugated to the analyte lgG. Most impor-
tantly, there was substantial uniformity across the B electrodes.
That is, in additional experments, we switched the wvale and
repeatedy infused the Fc solution to monitor the interface’s response
fime. The current consistently returned to its initial level within 205 after
an infusion of peroxide was stopped. This indicated that the response
fime of the messurement was both quick, but was also terminated
quickly, potentially enabling reuse. Upon repeated cycling we found
subsequent measurements (n =8) were typically within 93% of the orig-
inal responses. Then (Figure 4b), current data from the last 7.5 s of each
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FIGURE 3 Simulation and fluid uniformity testing using redox mediator 1,1 -Ferrocenedimethanol. (a) The 3D model for COMSOL
simulation was generated directly from the original device model (b) The top panel demansirates that the infused fluidic sample can be
distributed across all parallel channels and then merged at the exit. The bottom figure displays the predicted flow velocity 50 uwm above the
bottom ITO electrode, illustrating uniformity in flow within the channels. (c) The currents measured during repeated infusion between the PB
solution and the Fe solution confirm rapid dynamic response and robustness and reproducibility of the overall system. *(n = 8).

test period was collected and averaged, representing the general output
of the system. Results were highly consistent armong all channels. Also, as
shown in Supporfing Information 51: Table 52, the relative standard
deviation (RSD) of individual electrodes with and without H2C» was
below 045% and 1.B5%, respectively. The RSD of the blank test
(Fc solution) and test group (sensing reagents, and 100 ph H20s) across
all eight electrodes was 2.53% and 3.56%, respectively. Together, these
tests ilstrate eleciroassembly of thiolated PEG-based sensor interfaces
and that results previously obtained using sequential batch processing
were now more rapid, parallel, and reproducible across independenty-
fabricated and fundionalized electrodes.

24 | Detection of antibody titer and
galactosylation

We next assessed the capability of the protein G recognition inter-
face to capture and detect lgG at various IgG concentrations. As

lllustrated in the left panel of Figure 5a, we employed a one-step
deposition strategy to construct the recognifion interface. After the
gystern conditioning steps, the deposition solution (a mixture of
25mM of Fo, S0meg/mL of thiclated-PEG, and 250 pg/mL of
C-terminus cysteine-tagged protein G prepared in 0.1 M PB, pH 7.4)
was loaded, followed by electrodeposition for 1 min at a constant
oxidative potential of 0BV, The valve was switched, rinsing the
interface with the wash buffer. Vardng concentrafions (00001,
0.001, 0.002, 0.01,0.02, 0.1, 0.2 mg/L) of human lgG samples were
prepared and infused into sewveral microfluidic devices where they
were incubated for 30 min. Interfaces were washed for 10 min, the
reporter protein G:HRP was then infused so that when bound to the
analyte mAb, it forms the sandwich structure that is then quantified
electrochemically via H20s and Fc. We infused an Fc solution for
1 min for system equilibration. With the solution still flowing we
applied an open circuit potential (0V) for signal recording. For the
first 30 s, we recorded the “OFff° current (baseling) of the system. We
then infused Fc solution containing H2Os for another 30 s which is
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FIGURE 4 Electroassembly, dynamic response time, and reproducibility of sensor interfaces. (a) Schematic representation of the
electroassembly of thiolated PEG-based sensor interfaces. Three major steps are required for the 1gG detection: (1) electroassembly of the PEG
recognition region, () sample conjugation, (3) reporter protein G:HRP conjugation. Rinsing (10 min) was required to eliminate nonspecific
binding between each steps. (b) left panel: After functionalizing surfaces, loading mAb test solution (62.5 mg/L), and then reagent solutions,
current data for two oycles of PB-H204 infusion are depicted. Data for all eight electrodes indicate high reproducibility and robustness of
hydrogel and interface formation. (b) right panel: The signals with IgG, proteinG:HRP, Fe, and HyOs show significant differences from the blank.
Minimal deviation across the electrodes also indicates uniformity of the fluidic and electronics subsystems. *(n = B).

recorded as the “On" current of the test condition. The current
reached equilibrivrn within 5s, almost exactly as in Figure 4. The
calculated difference between the “Off" and *On" currents served as
the net signal for the assembled lgG (cysteine-tagged protein G-lgG-
protein G:HRP, Figure 5h). After conducting a series of tests at
various lgG concentrations, we found that the measured currents
corresponded well to the total amounts of sandwich conjugations. To
evaluate robustness and reproducibility, we cycled between PB-Fc
and PB-Fc-H20Oy and have depicted the first and second measure-
ments (reused identical surface with new lgG test solution) across all
channel responses and found they were rapid, consistent, and
reproducible. The responses relative to their IgG concenfration were
then modeled using a Langmuir isotherm, and a double-reciprocal
plot (R? = 0.99). We found a linear response (double-reciprocal plot)
for IgG concentrations up to ~0.2 mg/L.

Similarly, we evaluated the capability of the RCA120 recognition
interface to lgG galactosylation. Mote that we follow the same
operating conditions (test sample concentrations, incubation time,
wash time, flow rate, and electrochemical recording setup) as
described for titer detection. Here, we used RCA120 as the
recognition elerment instead of the C-terminus cysteine-tagged pro-
tein G. In Figure 5a, we once again used the one-step deposition
strategy to construct the PEG network with RCA120 recognition
dements. The deposition solution (300 pg/mL of RCA120) was loa-
ded for 2 < (100 pl) then stopped, followed by electrodeposition for
1 min at a constant oxidative potential of 0.B V. After testing varying
concentrations (0.0001, 0.001, 0.002, 0.01,0.02, 0.1, 0.2mg/L) of
human 1gG samples, we observed that the overall current responses
were remarkably consistent and reproducible (Figure 5c). Interest-
ingly, while there should be no obvious reason that lectin- and
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FIGURE 5 Quantification of antibody titer and galactosylation using detection system. (a) Schematic (top) depicts the interfaces that
facilitate titer and galactosylation measurements in the microfluidic device. (b) Titer measurements taken with lgG (concentrations of 0.0001,
0.001, 0.002, 0.01,0.02, 0.1, 0.2 mg/L) and protein G: HRP (100 mg/L) with the integrated microfluidic housing and the titer detection interface.
Current responses from channels are consistent, rapid, and reproducible. Averaged responses were fit using a Langmuir isotherm model and
double-reciprocal plot. (c) Glycan measurements taken with lgG (concentrations of 0.0001, 0.001, 0,002, 0.01,0.02, 0.1, 0.2 mg/L) and protein G:
HRP (100 mg/L) with the integrated microfluidic housing and the antibody galactosylation detection interface. Current responses from channels
are consistent, rapid, and reproducible. Averaged responses were fit with a Langmuir isotherm model and double-reciprocal plot. *(n = 8l

proteinG-based binding should enable the same, or close to, mab
binding capacity, the currents achieved were similar. That the cur-
rents are significant (>10 nA) indicates that the electrode surfaces
and miniscule levels of reagents were sufficient for accurate quan-
tification. Importantly, the IgG concentrations using lectin binding
were also found to follow a Langmuir kotherm and were plotted
using a double reciprocal plot (B2 =0.98). Similarly, the linear range on
the double reciprocal plot suggested accurate measurements up to
0.2 mg/L In our previous work, we showed that IgG results taken
from solutions of both new and spent media were consistent. Instead
of a complete analysis here, we show in Supporting Information 51:
Figure 52 that currents from PE and fresh culture media were similar

at 62.5 mg/L Thus, while we have not analyzed fully the different
backgrounds when interfaces are assemnbled in a device, we expect
similar transitions from large electrodes to small devices will be
repeated (smaller samples, smaller but measurable currents, ete).

In sum, our demonstrated results show that both sensor inter-
faces (for antibody titer and lectin binding galactosylation) can be
electroassembled onto ITO electrodes within the same 3D printed
microfluidic device using the identical assembly methodology. When
combined with the fluidic system and autormated valving and pumps,
we noted that the systemic variations were quite small, varying from
1.9% to 68%. These results suggest significant potential for high-
throughput and reliable measurements in bioprocessing settings.
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25 | Regeneration of interfaces

We decided to try to strip the surface, regenerate, and reassemble
onto the same thiclhted PEG hydrogel films to reassess the titer
measurements. That i, a low pH regeneration buffer containing
0.1 M acetic acid and 1M sodium chloride, pH 2.B, was found to
decouple the protein-antibody interactions on our previous batch
systems using gold electrodes. This regeneration buffer had removed
the conjugated lgG while keeping the cysteinylated protein G (for the
titer detection interface) that was covalently coupled onto the PEG
using electronically oxidized disulfide bonds. Here, we evaluated the
same regeneration process for the current interface situated atop the
ITO electrodes. In Figure &a, we infused the regeneration buffer into
the microfluidic device at a flow rate of 0.5 mL/min for 10 min. This
was followed by a rinsing buffer to remove acidic residues at the
same flow rate for 10min The interfaces were then sequentially
incubated with IgG sample solution and protein GHRP solution, and
repeated measurements were taken following the previoushy
described protocol In Figure 6b, we compared three conditions (no
lgG, 62.5mg/mL of IpG, and 250 mg/mL of IgG). We found that the
electrochemical responses for the control (no lgG but after regen-
eration) were completely diminished, suggesting that the IgG and the
reporter protein G:HRP were decoupled and remowved from the
system. After reconjugating the analyte IgG and protein G:HRP, we
observed that the signal strengths from the second conjugation were
nearly identical to the original measurements. These results suggest
that the interfaces containing the recognition elements remained
intact and were essentially unaltered after the acidic decoupling
process. They were still able to maintain their initial capturing capa-
bility without significant loss of activity. As noted above, we did
complete a full regeneration analysis of the lectin-based interface.

3 | CONCLUSIONS

We describe the development and testing of a 3D-printed micro-
fluidic device for electrochemical interrogation of antibody titer and
ghycosylation. We designed and fabricated an B-channel microfluidic
device consisting of ITO electrodes that are subsequently electro-
chemically functionalized for lgG capture and measurement. The
devices have affiliated fluidic and electrical connector subsysterns
that are also 3D-printed. We found that 3D printed housings and
channels were sufficient for generating the fluidic routes, such as
splitting fluidic pathways, flowing fluids through electrode channels,
and then reassembling Flows to waste streams. The designs were first
evaluated numerically using 3D COMSOL simulations that quantita-
tively examine the flow patterns across all test channels. Simulation
results were shown to be highly correlated with subsequent fluidic
test results. Equally important, by introducing an automated valving
and fluidic transfer system, we were able to show precise fluidic
control among B parallel channels and this significantly reduced labor
and manual processing otherwise required for operation. As a result,
this also led to substantial enhancerments in signal consistency,

reproducibility, and reliability. We also showed that the “plug-and-
play” modularity provides for rapid device replacement and module
switching, which could potentially offer solutions for multi-sample
quality assessment during biopharmaceuticals production.

We subsequently demonstrated that the microfluidic system was
amenable for integration with an electroassembled thiclated PEG-
based antibody detection interface. Specifically, we showed that the
recognition elements could be constructed in a single, one-pot
assembly step, and the analyte and reporter proteins could be suc-
cessfully conjugated to the parallel interfaces. The integrated device
was shown to reliably quantify a range of IgG concentrations. We
further found that the sensing interfaces could be regenerated and
re-probed, which suggests further utility. While the ghycan assess-
ment here is based on targeting galactosylation, there is no reason to
expect one could not establish several different channels for different
lectins, enabling a signature type of reporting approach. In sum, we
believe rapid assessment of both antibody titer and galactosyation
can facilitate a researcher's decision-making process for establishing
conditions that improve product gquality and consistency. Because a
feature of this system is that it provides direct quantitative electronic
outputs, we suggest that it could be incorporated into a process
controller wherein corrective actions could be taken in real time.

4 | METHODS
41 | Materials

Square indium tin oxide coated plass slides (surface resistivity
B-12 0Qfeq) were purchased from Sigma. RCA120 and fluorescein
labelled conjugate (FITC RCA120) were purchased from Vector
Laboratories. IgG from human serum, SILU Lite Sigmabab, and
protein G:HRP conjugate and phosphate buffered saline (PBS, pH 7.4)
were purchased from Sigma-Aldrich (5t. Louis, MO). Clear 3D mi-
crofluidics printing resin was purchased from CADworks3D (Toronto,
Canada). 1,1 -Ferrocenedimethanal (Fc) was purchased from Santa
Cruz Biotechnology. A 1M stock solution of Fo was prepared in
DMS0, and dilutions were prepared in PBS freshly for each experi-
ment. Dulbecco’s Modified Eagle medium, high glucose, HEPES, no
phenal red (DMEM) was purchased from Thermo Fisher Scientific.

4.2 | Device fabrication and performance
assessment

The 3D printed eight-channel microfluidics device with ITO eectro-
des was designed based on a standard 3-eectrode system including a
device with 25 mm = 25 mm ITO working electrode (split into eight
sub waorking electrodes), and an electrical connector that allows
wiring to an electrochemical analyzer (CHI multichannel potentio-
stat). A Pt wire serves as the counter electrode and an AgfAgCl
reference electrode connects to the device via a fluidic connector. To
make the 3D printed device housing, designs were created using

0T W TG

o) g puany pu e, g ey )01 o eegry s Ao, ® puen gy 0 Smeaan ) - GELUNEE T TILS, A9 GISED TR0 T) Ve g A

s s o oy T £ ARk g 4G P o e ) S0 e ay L g A, o



CHEM e7 aL BIOTECHNOLOGY 3765
R W1 LE Y —22
JOEMGIMEERING
[3] Regeneration :uLffe.'E
x ks—. o =g & FUF 'W %Es—.
% ? >R ? L o 'E % ? L @ 'E,* % o
ITo mo £ o £ o
Qriginal Stripping Reganaration Sample reconjugation
(b) No IgG 62.5 mg/mL IgG 250 mgimL IgG
150
iy
100} - B

Current (nA)

e

=]
1
1

FIGURE & Repeneration of titer interfaces. (a) Schematic representation of the regeneration process. The initial protein-antibody
conjugation is decoupled by introducing a low pH regeneration buffer. The cartoon suggests the proteinG recognifion element is retained within
the PEG for subsequent IgG measurements. (b) The original, stripped and final currents after assembly are depicted for several 1gG
concentrations. In all cases, the currents after regeneration buffer were similar to the zero lgG samples, as expected. Then, currents after capture
and sandwich reporting assembly were similar to the original signals suggesting the capture and subsequent wash and incubation steps were

quite similar between runs. *(n =8).

Autodesk™ Fusion 360 and Autodesk™ Inventor (Autodesk, Inc). The
CAD files were then converted to writing-path using the Chitubox
194, Mars 3 Pro was used to fabricate the housing. When the
printing process was completed, the substrate was placed in a bath of
methanol with gentle shaking by hand for 1 min and then dried with
nitrogen. This step was repeated three times to thoroughly remove
any uncured residues. The prints were then further cured under a
20-Watt UV lamp for 10 s followed by a 30-second rest at room
temperature. This step was repeated three times to achieve full
strength. Purchased precut ITO glass (25 mm = 25 mm) was patterned
with a COs laser engraver to physically define all electrodes and the
connecting regions. The cured housing was then aligned with the
laser patterned ITO glass and annealed together with the same
photosensitive resin used for printing. The design and the fabrication
of the electrical connector generally followed the same protocol
described above Two four-way spring connectors (Digi-Key, Part
Mumber 478-4688-6-MD) were then attached to the designed loca-
tion on the printed electrical connector in which later enabled the

physical connection to the ITO device. The other end of the four-way
spring connectors were soldered with wires to connect to the elec-
trochemistry analyzer. The fluidic connector was made with a
T-shape 3-way connector. The tubing was glued to the connector
with epoxy resin.

For the simulation model The numerical finite element method)
simulations for infusion-diffusion model were performed using the
Laminar Flow module of commercially available COMSOL Multi-
physics software (version 5.6). Geometry and fluidic setups were
defined based on the dimensions and parameters provided previ-
ously. The fluidic conditions were described by Mavier-Stokes
equations

For the fluidic test: Two test solutions were prepared: 100 mM
phosphate buffer (PB) solution (negative) and a 100 mM PB solution
containing 100 uM of 1,1'-Ferrocenedimethanol (Fc) (positive). They
were connected to port Mol and port No.3 of the 2-way 4-port
valve and introduced using a flow rate of 1mL/min. Each test solu-
tion was flowed into the microfluidic device for 60 s as one
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independent cycle and the process repeated five times. Meanwhile,
an oxidative potential of 0.4V was applied to all working electrodes
and currents were measured for each. Current data spanning the last
30 s of each run was collected and averaged for analysis. Followed
the same protocol, solutions with varying Fe concentration (3, 10, 25,
and 100 pM) were also tested.

4.3 | Titer and galactosylation detection interface
measurements

Measurements of the current responses from the interfaces were
performed with the 3-electrode set-up using a CHI1040C electro-
chemical analyzer (CH Instruments). For assembly of titer interfaces,
a solution of Fc (25 mM), PEG thiol (50mg/mL) and C-terminus
cysteine tapped protein G (250pg/mL in 0.1 M PB, pH 74 [Wang
et al., 2021]) was prepared and injected (100 pL) into the microfluidic
device (using the device injection port). Interface electrodeposition
ocourred for 1 min at a constant oxidative potential of D.BV. After
electrodeposition, the peristaltic pump was activated and channels
were rinsed with wash buffer (PBS, 0.05% Tween-20, pH 7.4) for
10 min at a flow rate of 0.5 mL/min (20 rpm coupled with black-black
PVC tubing purchased from Gilson). The devices were then
sequentially incubated in serially diluted concentrations of IgG
(0-200pg/L) and protein G:HRP (100 mg/L), respectively, at room
temperature for 30 min. After each respective incubation (lgG and
protein G:HRP), the channels were rinsed with wash buffer for 10 min
at a flow rate of O.5mL'min. Current measurements were then
performed using constant potential amperometry. Specifically, the
devices were run under an applied potential of 0V and Fe (0.5 mM)
was pumped at a flow rate of 1 mL/min (20 rpm coupled with black-
black PVC tubing purchased from Gilson) until a constant baseline
was achieved. To generate a current response, the infused liguid
sample was then switched to a solution of Fc (0.5mM) and HZ20Z
(100 M) and the response from baseline was recorded. The lower
limits of detection for the titer detection interface were calculated as
previously described (Motabar et al, 2021; Motabar et al., 2023). For
construction of galactosylation interfaces on the microfluidic device,
the C-terminus cysteine tageed protein G in the deposition solution
was replaced with RCA120 (0.5 mg/mL in 0.1 M PBS, pH 74

44 | Interface regeneration studies

To evaluate regeneration, the detection interfaces were assembled
with lgG from human serum (1000mgfL) and protein G:HRP
(100mg L) and measurements of the current response were taken
using the same conditions as above. The interfaces were then washed
with 0.1 M acetic acid, 1 M sodium chloride, pH 2.8 at the flow rate of
0.5 mL/min to decouple IgG and protein G:HRP from the recognition
elements on the surfaces, leaving only the capturing proteins (Le.,
protein G) covalently bound to PEG. Current measurements were
taken to confirm that lgG and protein G:HRP were removed. The

interfaces were once again re-assembled with IgG and protein
G:HRP. Current measurements were taken to confirm the re-binding
of IgG and protein G:HRP to the interface surfaces In results not
shown, we found refrigerated interfaces left unattended for ~7 days
were fully functional
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